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Self-assembled molecular structures have been intensively used in molecular electronics and spin-
tronics. However, detailed nature of the interfaces between molecular layers and extended metallic
contacts used to bias the real devices remains unclear. Buried interfaces greatly restrict applica-
tion of standard techniques such as Raman or scanning electron microscopies. Here we introduce
low frequency noise spectroscopy as a tool to characterize buried molecular-metal interfaces. We
take advantage of vibrational heating of the molecules with incomplete contacts to the interface.
Electrons, being the main spin and charge carriers propagating through the interfaces involving
self-assembled molecules, interact inelastically with charged atomic ions. Such interactions produce
quantum molecular vibrations (phonons). Detailed investigation of both conductance and conduc-
tance fluctuations in magnetic tunnel junctions with few nm Perylenetetracarboxylic dianhydride
(PTCDA) allows to map vibrational heating at specific biases taking place in hot spots where
self-assembled layers weaker contact the metallic electrodes. We follow this effect as a function of
PTCDA thickness and find the best molecular-metal order for the lowest (3-5 monolayers) barriers.
Moreover, we unveil interplay between spin and phonons at interface showing experimentally and
by modelling spin-control over molecular vibrational heating. We find that vibrational heating re-
lated low frequency noise essentially depends on the relative alignment of the electrodes with noise
changes well beyond expectations from fluctuation-dissipation theorem.
Keywords: Buried organic-metal interfaces; noise spectroscopy; molecular vibrational dynamics; spin control;
modelling noise at organic-metal interface
I. INTRODUCTION
Downscaling of inorganic electronics has currently be-
come increasingly difficult because of physical limita-
tions, due to surface-related modification of the elec-
tronic structures. The bottom-up concept introduced
by molecular electronics in order to solve the problem
has been around since the seventies1 and unique intrin-
sic features of molecules and quantum dots, among other
excited phonons and vibrations2–4, have been explored
intensively.
One of the major challenges in molecular electronics
(molecular spintronics) is control over of molecules-metal
(ferromagnetic electrodes) contacts5. To avoid possible
damage to molecular order and even pin-hole formation a
deposition of seed under-oxidized atomic thick Alumina
layer has been proposed6. This method both improves
interface quality, reduces influence of conductance mis-
match and enhances spin life time6,7. However, as long
as one deals with buried interfaces, the tools available to
evaluate their quality are very limited. For such purpose
(when electron transmission microscopy is used8) the de-
vice is usually destroyed.
Electron transport through the interfaces could be
a non-destructive, albeit indirect method to evaluate
buried molecule-metal interface quality. Few main fac-
tors determine transport in molecular electronics, with
electron-phonon coupling being of importance along with
molecular and electrodes electronic structures9–11. The
identification of phonon modes is usually carried out by
Raman or inelastic tunneling spectroscopy (IETS)11,12.
Due to strong photon attenuation by the metallic elec-
trodes, Raman spectroscopy on heterostructures mainly
reflects information from the out surface layers13.
The IETS technique, based on a weak change in the
tunneling conductance beyond the vibrational onsets of
excitation, is mostly used to explore molecular vibra-
tions in the single-molecule limit14,15 and when con-
tacted by sharp tips with undefined magnetization di-
rection. For the organic magnetic tunnel junctions, the
conductance signals are averaged over a large number of
molecules forming either barrier or contacting extended
ferromagnetic electrodes. To our best knowledge, the
only study of the IETS in molecular spintronics just
aimed to obtain structural information on the integrity
of the Alq3 barrier by localizing junctions with pin-holes
where no signatures of molecular vibrational modes were
present12. As we shall see below, for the high quality
buried molecular-metal interfaces with only small per-
centage on the molecules weakly contacting the electrode,
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2the detailed investigation of the buried molecule-metal
interfaces could be carried out by analyzing vibrational
heating of the molecules in locally distributed hot spots.
Vibrational heating (or cooling) of the molecules
contacting metal electrodes is a well established
phenomenon16 for atomic and molecular junctions. Vi-
brational heating at finite bias is among the major obsta-
cles for advances in molecular electronics and spintronics
due to the associated potential device breakdown3,16–18.
Peculiarly, as mentioned above, a current flux can either
heat or cool locally the molecular junction close to sub-
vibration resonance conditions17,19.
The inclusion of the electron spin degree of freedom
in organic magnetic tunnel junctions (OMTJs)6,20–27 and
interface-related molecular magnetism28,29 potentially al-
lows spin control over vibrons, as pointed out in recent
theoretical studies30,31. Other theories go even further
and predict phonon-dressed spins to exist with effective
magnetic moments of 0.024 µB for single-phonon quanta
with the original system being non-magnetic32. The in-
terplay between spins and phonons in molecular spintron-
ics remains however obscured.
As we shall see below, the conductance fluctuations or
inelastic noise probing vibron excitations could present
an alternative tool capable of identifying high quality
buried molecules-metal interfaces. At low temperatures
and biases not yet exciting molecular vibrations or de-
fect states, (e.g. typically below 10mV) voltage fluctu-
ations are dominated by shot noise providing informa-
tion on interfacial electron-electron correlations33. At
higher biases (typically exceeding phonon energies sit-
uated above 15mV), the low-frequency noise (LFN) is
known to provide unique capability of identifying sur-
face located molecules through their vibrations in non-
spintronic systems34,35.
Here we describe qualitative step further and introduce
vibron noise spectroscopy, which addresses the challenge
of investigation of quality of buried molecular-metal (fer-
romagnet) interfaces in OMTJs. Our experiments mon-
itor conductance, tunneling magnetoresistance and volt-
age fluctuations as a function of applied bias and mag-
netic state in the OMTJs with efficient heat transport
away from the molecules so that the junction’s struc-
ture is not jeopardized. The junctions with thinnest (3-
5 PTCDA monolayers) barrier show the smallest back-
ground noise and highest TMR of 20-30% indicative of
their major structural order. In those junctions, we ex-
perimentally observe and theoretically model the spin-
dependent molecular vibrational dynamics. The physical
origin of this effect is related to the difference of available
phase space for the inelastic tunneling process between
parallel and antiparallel states. Besides, our results open
the possibility of spin heat-dissipation control in molec-
ular spintronics.
P
AP
FIG. 1. (a) Sketch of the junctions structure and zoom of
the cross section of PTCDA barrier highlighting the possible
molecular bond rattling due to interface roughness. (b) Typi-
cal low-bias (0.7 mV) TMR measured in OMTJs with a 2 nm
thick barrier at 10 K. Red arrows indicate P and AP state
while dotted black arrows show magnetic field sweep direc-
tions. (c) Dependence of the low-bias TMR (T = 10 K) on
the PTCDA thickness in OMTJs. The red curve is a guide
for the eye.
II. RESULTS
The sample growth and measurement technique are
explained in the Methods section. More details could
be found in Refs7,33,36,37. Figure 1 illustrates the investi-
gated OMTJs highlighting the 1.2 nm thick barrier cross-
section (with approximately three layer of PTCDA). The
sketched molecular order (zoom in Fig. 1a) describes a
realistic PTCDA structure with some conductance chan-
nels at zero bias being open due to molecular bending,
interface roughness or local disorder.
An exponential dependence of the room temperature
conductance with the PTCDA thickness33 and a large
tunneling magnetoresistance (TMR) (Fig. 1b,c) indicate
that the electron transport through the PTCDA layer
is dominated by direct tunneling with energy and spin
relaxation close to the molecule/ferromagnet interfaces.
Figure 1b shows two well-defined and reproducible mag-
netic states corresponding to parallel (P) and close to
antiparallel (AP) alignment of the electrodes. Tunnel-
ing magnetoresistance values (up to 30%) observed with
below 2nm thick PTCDA barriers (3-5 monolayers) are
among the highest reported so far in molecular spintronic
junctions in the tunneling regime. High TMR signals well
ordered self-assembled thinnest PTCDA barrier. Con-
ductance and noise in a total of 13 samples were inves-
tigated with PTCDA thickness ranging from 0 to 6 nm.
Unless otherwise indicated, the measurements tempera-
ture is 10K.
Figures 2a-c describe representative behavior of noise
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FIG. 2. Part(a) shows LFN spectra for two different biases
close to the range with excess RTN with fit to a Lorentzian
function (red curves). Parts (b) and (c) show the bias depen-
dent LFN in the junction with 1.2 nm PTCDA at P and AP
states respectively. Finally, the part (d) shows the absolute
value of the difference of noise power in two magnetic states.
The measurements have been carried out at T = 10 K.
for OMTJs with PTCDA thickness of 1.2 nm in two mag-
netic states. These junctions show the lowest contribu-
tion to the 1/f noise signalling a higher molecular order.
One observes unexpected enhancement of the noise power
due to appearance of random telegraph noise (RTN) in
conductance close to set of specific biases. Qualitatively
similar magnetic state dependent LFN has been found
when the measurements are carried out at base tempera-
ture of T = 0.3 K (Fig. S1, Ref.38). The close to symmet-
ric character of the LFN anomalies with voltage V points
towards a vibrational origin rather than to a resonant
electron tunneling process, for which LFN enhancement
is expected for one bias polarity only39.
In order to analyze in detail the shape and symmetry
of the RTN on bias, the observed effect has been rep-
resented in two qualitatively different plots. From the
one side, Fig. 2b shows rough data, i.e., the variation
of the noise power in the parallel state (SP) with fre-
quency and the applied bias. On the other hand, we
have quantified how RTN characteristic frequency varies
with applied bias and its polarity. As example, Fig. 2a
shows cross-sections of SP(f, V ) from the Figure 2b for
the two particular biases close revealing specific RTN
humps. With increasing bias, the RTN first appears as
a noise excess in the low-frequency limit which approxi-
mately varies as 1/(f2−f20 ) with f0 being the character-
istic RTN frequency. This quantitative analysis confirms
that set of specific RTN excitations is nearly symmet-
ric in bias and shows an increase of the f0 under the
applied bias before RTN disappears outside the experi-
mental bandwidth. Some asymmetry could probably be
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FIG. 3. Noise spectroscopy of OMTJs in the P state as a
function of PTCDA thickness. Part(a) shows LFN spectra for
control sample without PTCDA. Parts (b,c) show noise spec-
troscopy of OMTJ with 2 and 4nm PTCDA correspondingly.
Finally, the part (d) shows variation of the bias dependent
LFN in OMTJs at different PTCDA thicknesses measured at
T=10 K and in the P state and quantified using the Hooge
factor.
related with differences in the bottom and top electrode
roughness and electrode/barrier interface.
Interestingly, switching the device with clear LFN
anomalies (here with PTCDA ≤ 2nm as we shall see
below) to the AP state substantially changes the LFN
(Fig. 2c). In order to quantify the net change in LFN be-
tween the two magnetic states we calculate the absolute
value of the difference of the noise power between P and
AP states |SP − SAP| (Fig. 2d). Note that for the both
magnetic states and at biases exceeding 200 mV the RTN
anomalies appear to be smeared out. As see in Fig. 2b,c
and specially for OMTJs with yet thicker PTCDA, in
the high-bias range the so-called 1/f background noise
becomes superimposed on the RTN contribution mak-
ing it more challenging to accurately determine the RTN
characteristic frequencies f0
In order to understand better the nature of the ob-
served bias and magnetic state dependent RTN, we car-
ried out noise spectroscopy as a function of PTCDA
thickness ( see Fig. 3). Let us first analyse LFN in
the control samples (i.e., junctions without PTCDA but
with 0.6+0.6 nm of AlOx separating two ferromagnetic
electrodes). One observes practically featureless back-
ground noise (Fig. 3a) which is at least two orders in
the magnitude below the LFNs measured in any of the
junctions with a PTCDA barrier. We conclude that
set of the bias-dependent RTN features originates from
molecular vibrations inside the PTCDA barrier or at the
PTCDA/electrode interfaces.
Further increase of the PTCDA thickness maintains
4the well-defined bias dependent RTN anomalies only for
barrier thickness below or about 2nm. We observe the
clear signatures of vibron related LFN with 1.2nm and
partially with 2nm PTCDA thickness only. The further
increase of the PTCDA thickness (as shown for OMTJ
with 4nm PTCDA) smeares out vibron related signatures
in noise due to onset of the strong background 1/f noise
already at relatively small biases (Fig. 3c).
To show more clear the applicability range of the vi-
bron noise spectroscopy when following the qualitative
changes in the LFN with increasing PTCDA thickness
we may also use the Hooge factor explained in Meth-
ods. Fig. 3d plots the bias dependence of the Hooge fac-
tor for OMTJs with three different PTCDA thicknesses.
While the control samples show a practically featureless
Hooge vs. bias dependence, the introduction of 1.2 nm
PTCDA (about three PTCDA layers) between two fer-
romagnetic electrodes raises dramatically the normalized
noise (several orders of magnitude). The strongest rel-
ative LFN anomalies with bias were observed for the
1.2-2 nm thick PTCDA barriers (Fig. 3b,d). A further
increase of the PTCDA thickness boosts the LFN back-
ground, approaching the LFN spectrum closer to the 1/f
type. This induces a relative decrease of the magnitude of
LFN anomalies, as seen for the OMTJs with 4 nm thick
PTCDA. Generally, the evolution of LFN with PTCDA
points towards a predominantly interfacial origin of the
LFN anomalies, gradually affected by the accumulation
of molecular disorder with an increasing barrier thick-
ness.
It is important to note that spin-dependent molecular
vibron noise (Fig. 2) in few orders of the magnitude ex-
ceeds in the noise power expected from the application
of fluctuation-dissipation theorem (FDT). Indeed, from
FDT the thermal noise power is40 SV (f) = 4kBTR (with
T being temperature, R- junction resistance and kB-
Boltzmann contant). Then below 10K with measured
resistance change between P and AP state of few kOhm,
the noise power change expected from FDT should be less
than 10−18 V2/Hz. The experimentally observed varia-
tion of the noise power between P and AP states (see
Figs. 2d) exceeds that by more than six orders of the
magnitude.
Concerning the robustness of the bias-dependent RTN
anomalies in each magnetic state we have carried out a
number of reproducibility tests. The corresponding anal-
ysis shown in Fig. S2 (Ref.38) permits to conclude that
the RTN vs. bias anomalies are rather reproducible.
Interestingly, the enhancement of the LFN power at
specific biases (up to several orders of the magnitude) is
accomplished with limited impact (with relative change
below 10−2) on the bias-dependent conductance (Fig. S3,
Ref.38). This suggests that a great majority of the
molecular conductance channels in our OMTJs arise from
well-established contacts between molecules and the elec-
trodes. At the same time, only a small fraction of
the total conductance channels (roughly estimated to
be 10−2 − 10−3 from the relation between square root
h
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FIG. 4. Model for two state switch driven by inelastic exci-
tations by spin polarised current and parameters used. We
consider symmetric junction in the off-resonant regime with
one-electron energy 0 = 10γL = 10γR = 1eV and γL,R being
spin dependent density of states for left (L) and right (R) elec-
trodes correspondingly. We used reaction order n = 20 and
coupling strength χ = 1 meV. The electrode spin polarization
(σ) is depicted by the vertical black arrows.
of the integrated over experimental bandwidth voltage
noise power to the applied bias) contribute to the RTN
as schematically sketched in Fig. 1a.
III. DISCUSSION
Based on this scenario, we consider below a simple
model of the barrier in which a molecular conduction
pathway can attain two different states, e.g., due to un-
avoidable interface roughness (Fig. 4). The configuration
becomes unstable under applied bias and switching be-
tween, for example, straight and bended molecular con-
formal configurations may occur. The stable conduction
pathways (in parallel) contribute only to the background
signal and provide practically a featureless 1/f noise. We
therefore suggest that the observed excess of the RTN
above certain characteristic biases is a result of inelas-
tic excitations and conformational switching of individual
molecules (or collective groups) in the barrier.
Following Refs. 41–43 we generalize a model for a two-
state switch driven by inelastic excitations by a spin-
polarized electronic current with main parameters de-
scribed in Fig. 4, the main text and detailed in SM38.
Interestingly, this model predicts that the reaction yield,
i.e., the probability that a tunneling electron induces the
reaction, is larger in the P than in the AP electrode con-
figuration (Fig. S6). The origin of this effect is related to
the available phase space (initial and final states) for the
inelastic tunneling process which is larger in P than in
AP. This is analogous to the TMR effect where the elas-
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FIG. 5. Comparison between LFN modeling and experiment
for P and AP states. a) Model for the electrode polarizations
Pα(V ) (dotted grey line, Eq. S16 Ref.38) and TMR (solid blue
line, Eq. S22, Ref.38) vs. applied bias. b) Calculated switch-
ing rates R in both P (dotted red line), AP (full blue line),
and unpolarized (full grey line) cases. c) Power noise spec-
trum difference between P and AP states in absolute value.
Measurements of d) TMR at T = 10 K, e) RTN characteris-
tic frequencies in P (red dots) and AP (black dots) states at
T = 10 K and f) power noise spectrum at T = 0.3 K. Mea-
surements were made in the 1.2 nm thick PTCDA sample.
tic transmission of electrons is also larger in P than AP.
We note that these two effects compound in the reaction
rate R (Eq. S19, Ref.38).
To link these findings to the experimental observa-
tions we present in Fig. 5 an application of the model
with appropriately chosen parameters. As detailed in the
SM38 we consider the metal-molecule-metal tunnel junc-
tion as described by a single electronic resonance bridg-
ing two metal electrodes with coupling of the electrons
to a set of vibrational modes on the molecular bridge.
The numerical results shown in Fig. 5 were obtained
with the following model parameters defined in the SI:
ε0 = 10γL = 10γR = 1 eV, n = 20 and χ = 1 meV. The
molecular vibrations were described by a set of modes
characterized by energies being multiples of ~Ω = 20
meV. The electrode polarization was defined phenomeno-
logically as PL = ±PR = 0.32 − 0.5V−1|V |. The result-
ing TMR and LFN spectrum S(f) were computed using
Eqs. S22 and S26, respectively, with the switching rate
R given by Eq. S19 (Ref.38).
Figure 5a shows the electrode polarization (dashed
gray curve) and TMR (blue curve), where the latter de-
scribes well the typical experimental voltage dependence
of the TMR (Fig. 5d). For simplicity we represent the
molecular vibrations by a set of modes characterized by
energies being multiples of ~Ω = 20 meV. At a given
applied voltage this translates into a set of character-
istic switching rates as shown in Fig. 5b, qualitatively
similar to the experimental data in Fig. 5e. Finally,
we analyze the magnetic-state dependent noise spectrum
S = S(V, f) for realistic bias-dependent TMRs and asso-
ciated spin polarizations. By the eye it is hard to appre-
ciate the difference by P or AP (Fig. 5b,e and Fig. S4,
Ref.38). The difference only becomes apparent when one
considers the quantity |SP−SAP| as shown in 5c, in some
resemblance with the experimental data in 5f. We thus
deduce that our modeling qualitatively can reproduce the
main experimental observations.
In summary, we have introduced low frequency noise
spectroscopy as a tool to characterize buried organic-
metal interfaces. Key sensors for this spectroscopy
are ”hot spots” where molecular vibrational heating in-
duces random telegraph noise detectable by standard
noise measurement techniques. Moreover, we experi-
mentally demonstrate and describe by the simple model
the spin control of vibrational dynamics and switching
in molecular spintronic devices. Our findings suggest
the main LFN mechanism in molecular tunnel junctions
with relatively ordered thin barriers and buried interfaces
and therefore important for the development of reliable
molecular spintronic devices.
IV. METHODS
A. Sample growth
The layer sequence in the PTCDA organic spin
valves studied in this work is: NiFe(25 nm)/CoFe(15
nm)/AlxO(0.6 nm)/PTCDA(1.2-5 nm)/AlxO(0.6
nm)/CoFe(30 nm). The structure was deposited onto
a glass substrate, and the junctions were prepared in a
high-vacuum environment with a base pressure lower
than 10−8 mbar. The metallic layers were deposited by
sputtering with an Ar working pressure of 5×10−3 mbar.
The PTCDA layers were grown by thermal evaporation
at 10−8 mbar, with a deposition rate of 0.1 nm/s. Thin
AlOx layers were grown between the PTCDA layer and
both ferromagnetic layers by partially oxidizing Al in an
oxygen plasma for 5 s.
B. Electron transport and noise measurements
Electron transport and noise were measured down to
0.3 K using a He-3 JANIS cryostat. LFN experiments
were carried out using a Stanford Research SR785 spec-
trum analyzer. The signal is duplicated into two channels
identically amplified in two stages in order to use a cross-
correlation technique so we may neglect extrinsic voltage
noise contributions. We analyze the variation of LFN
by direct plots of the noise power. For the qualitative
comparison of the frequency-averaged LFN levels in our
OMTJs with PTCDA barrier thickness we also used the
Hooge factor α defined37 via SV (f) = αV
2/Afβ where V
is the bias voltage, A the junction area, f the frequency,
and β a parameter close to 1.
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